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Abstract 
Chloroplasts of the thermal-stable fatty acid desaturase mutants JB67 and LK3 of Arabidopsis thaliana re characterised by the 
presence of regular arrays of freeze-fracture particles associated with the core and light-harvesting antennae of Photosystem II (Tsvetkova 
et al. (1994) Biochim. Biophys. Acta 1192, 263-271). Similar arrays were found to be induced in the membranes of chloroplasts i olated 
from wild-type plants by resuspending the chloroplasts in media containing Tricine and/or high concentrations of compatible co-solutes 
such as sorbitol. The thermal stability of their chloroplasts was also increased under such conditions. The increased tendency to form PS 
II particle arrays, and the enhanced thermal stability of PS II, in chloroplasts isolated from the mutants and wild-type chloroplasts 
suspended in different media, appear to be reflections of the increased stability of protein-protein teractions between and within PS II 
units, respectively. The role of lipids in determining the formation of freeze-fracture particle arrays in the mutants is discussed in terms of 
the observed changes in lipid composition and their possible role in the control of lipid/protein synthesis. 
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I. Introduction 
The membrane lipids of the chloroplasts of higher 
plants contain high proportions of polyunsaturated fatty 
acids. The role of these lipids, however, is not clear. One 
approach to this problem has been to examine the proper- 
ties of mutants of Arabidopsis thaliana in which the fatty 
acid composition of the chloroplast membrane lipids is 
altered [1-6]. 
The present study is based on the use of two such 
mutants. One mutant, JB67, is characterized by an in- 
creased proportion of palmitic acid (16:0) and a corre- 
Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-l,l'-dimethylurea; 
DCPIP, dichlorophenolindophenol; PS II, Photosystem II; Chl a, chloro- 
phyll a; F o, F m, and F v minimum, maximum and variable fluorescence 
yields of PS II; T i and T m threshold temperature and maximal tempera- 
ture for heat-induced increase in Fo; EF and PF, exoplasmic and proto- 
plasmic freeze-fracture faces; PG, phosphatidylglycerol. 
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sponding decrease in the unsaturated 16-carbon fatty acids 
of the membrane lipids. Quantitative analysis of the fatty 
acid composition of the individual lipids shows a pattern 
consistent with a defect in the activity of chloroplast o - 9 
fatty acid desaturase responsible for the introduction of a 
double bond into the n - 9 position of the 16:0 fatty acyl 
residues of monogalactosyldiacylglycerol. This defect is 
ascribed to a single nuclear mutation at a locus designated 
fad B [1,21. 
The other mutant, LK3, is deficient in the activity of 
to - 6 desaturase responsible for introducing double bonds 
into 16-carbon and 18-carbon fatty acids of monogalactos- 
yldiacylglycerol and digalactosyldiacylglycerol. It carries a 
defective allele of a locus designated fad C required for 
desaturation of palmitoleic (16:1) and oleic (18:1) fatty 
acid chains. As a result, the composition of these lipid 
classes is dominated by these two fatty acids [3,4]. 
Compared to wild-type plants, both mutants exhibit 
slightly reduced rates of photosynthetic electron transport 
and a small increase in the thermal stability of their 
photosynthetic apparatus at elevated temperatures [1-4]. 
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Chloroplasts isolated from JB67 and LK3 Arabidopsis 
mutants also show significant differences in the ultrastruc- 
ture of thylakoid membranes when compared to the wild- 
type [4,7]. Thin-section electron microscopy studies indi- 
cate that the relative amounts of appressed to non-ap- 
pressed membranes is decreased for the mutants. This 
appears to be accompanied by a significant decrease in the 
overall area of photosynthetic membrane per plastid. 
Freeze-fracture electron microscopy measurements [7] 
reveal a marked decrease in size, and increase in packing 
density, of membrane-associated particles on the exoplas- 
mic (EF) and protoplasmic (PF) fracture faces of the 
mutants. A particularly striking difference between the 
mutants and the wild-type was the tendency of the freeze- 
fracture particles located in the EFs and PFs faces of the 
grana stacks of the mutants to form regular arrays. Particle 
arrays of this type are extremely uncommon in chloro- 
plasts. They are occasionally seen in chloroplasts i olated 
from wild-type plants [8-15] and have also been reported 
to occur in chlorina-f2 and viridis-zb 63 barley mutants 
[16,17]. There is evidence to suggest hat, in some cases at 
least, their presence is influenced by the composition of 
the suspending medium [16]. The factors leading to their 
formation are, however, still poorly understood. 
Studies performed in this laboratory [18,19], have shown 
that the thermal stability of the photosynthetic apparatus of 
isolated pea chloroplasts i also influenced by the suspend- 
ing medium. Small, but significant, increases in thermal 
stability were observed on changing the nature of the 
buffer in the chloroplast suspension medium. Much greater 
changes were observed on increasing the concentration of
compatible co-solutes, such as sugars. These latter changes 
were traced to the ability of such co-solutes to stabilise the 
binding of the extrinsic membrane proteins associated with 
the oxygen evolution apparatus to the core particle of 
Photosystem II (PS II). 
The aims of the present study are to try to identify the 
factors influencing the formation of particle arrays in 
Arabidopsis and to determine whether or not there is any 
link between array formation and the increased thermal 
stability of JB67 and LK3 Arabidopsis mutants. With this 
in mind, we have studied the effect of different buffers, pH 
and sugars both on the tendency to form particle arrays 
and the thermal stability of PS II of chloroplasts i olated 
from wild-type and mutant plants. 
m -2 s -1 and 75% humidity. They were grown in a 
mixture of perlite, vermiculite and sphagnum in proportion 
1:1:1 and irrigated with mineral nutrients as described in 
[20] and were normally harvested 7-8 weeks after initial 
sowing. 
Chloroplast isolation. Leaves were harvested at the 
rosette stage and chilled on ice for 5 min. Chloroplasts 
were isolated by grinding leaves in 20 mM Tricine buffer 
(pH 8.4), 10 mM NaHCO 3, 5 mM EGTA, 5 mM EDTA, 
0.3 M sorbitol and 0.1% (w/v)  bovine serum albumin 
[21]. The homogenate was filtered through miracloth and 
centrifuged for 5 min at 3000 × g. The chloroplasts were 
normally washed and resuspended in 20 mM Hepes (pH 
7.6) 10 mM NaHCO 3, 5 mM MgCI 2, 2.5 mM EDTA, 0.3 
M sorbitol and 0.1% (w./v.) bovine serum albumin. The 
composition of the suspension medium was adjusted ap- 
propriately for tests of the effects of different components 
on chloroplast structure and function. In all cases, the 
chloroplast pellets were washed twice in the appropriate 
medium prior to final suspension and measurement. 
Electron microscopy. Freshly prepared chloroplasts sus- 
pensions were equilibrated and thermally quenched from 
20 ° C in a jet of liquid nitrogen and subsequently fractured 
at -150°C in a Polaron freeze-fracture device. Replicas 
were prepared by shadowing with platinum and carbon, 
cleaned with bleach and examined using a Philips 301 G 
electron microscope. The shadowing angle of the replicas 
was determined by inspection; the length of the shadows 
being greatest in the direction of shadowing. Freeze-frac- 
ture particle sizes were determined by measurement of the 
particle width normal to the shadowing angle. 
Fluorescence measurements. Chlorophyll a fluores- 
cence was measured at 680 nm using a modified Perkin 
Elmer MPF-44A spectrofluorimeter. Chloroplast samples 
contained approximately 5 /zg Chl ml-J .  The fluorescence 
yield was measured either under conditions in which all PS 
II traps were closed (F m) or when all PS II traps were 
open (Fo). F,, and F m values were monitored using a weak 
modulated 470 nm excitation beam. F o was measured in 
the presence of 2.5 mM K3Fe(CN) 6 as an electron accep- 
tor and 6.25 mM NH4C1 as electron uncoupler. For F m 
measurements, 33 ~M DCMU and 250 mM NH2OH were 
added and the samples illuminated with a broad-band blue 
unmodulated actinic beam. The temperature dependencies 
of F o and F m were measured using samples heated at a 
rate o f2C ° min 1. 
2. Materials and methods 
Plant growth conditions. Seeds of wild-type, JB67 and 
LK3 Arabidopsis thaliana (L) Heynh mutants were ob- 
tained from the Nottingham Arabidopsis Stock Centre and 
Mutant 4 was a gift from Prof. E. Heinz, University of 
Hamburg. 
The plants were grown under a 22 ° C /12 ° C alternating 
16 h /8  h day/night cycle at a light intensity of 80 /xE 
3. Results 
3.1. Electron microscopy 
Typical electronmicrographs s owing the distribution of 
the freeze-fracture particles associated with PS II in the 
EF s and PF s faces of the granal membranes of chloroplasts 
isolated from wild-type and mutant plants, resuspended in
N.M. Tsvetkot, aet  al. / Biochimica et Biophysica Acta 1228 (1995) 201-210 203 
our standard assay medium containing 20 mM Hepes, are 
presented in Figs. 1A-1C. As previously reported [7], the 
large freeze-fracture particles in the EF~ faces of the 
thylakoid membranes of chloroplasts isolated from the 
JB67 and LK3 Arabidopsis mutants tend to be organised 
in rectangular arrays while the smaller particles in the PF~ 
faces are organised in rows as illustrated in Fig. 1A. The 
repeat distances between, and along, the rows of the 
particle arrays seen in the EF~ faces were 19 and 23 nm for 
JB67, and 18 and 23 nm for LK3, respectively. No arrays 
were observed in chloroplasts isolated from wild-type 
plants under these conditions (Fig. 1B). 
Following the report of Simpson [16] that the formation 
of particles arrays is influenced by the composition of the 
suspension medium, we examined the effects of different 
buffers, changes in pH and the presence of different con- 
centrations of sugars on array formation. In the case of the 
mutants, essentially identical results were obtained for 
chloroplasts suspended in Hepes, Tricine, Mops or phos- 
phate. EF S and PF, particle arrays were found in all 
samples. 
No particle arrays were seen in wild-type chloroplasts 
suspended in Hepes, Mops or phosphate. However, the 
particles were found to rearrange themselves into arrays 
(Fig. 1C) when the chloroplasts were suspended in media 
containing Tricine. 
The factors controlling the induction of PS II arrays in 
chloroplasts are poorly understood and experiments of tllis 
type have proved difficult to reproduce. In an effort to 
establish the reproducibility and extent of array formation 
Table 1 
Percentage of exposed EFs fracture faces containing arrayed particles. 
Collected results of three independent experiments performed over a 
period of 6 months 
Expt. 1 Expt. 2 Expt. 3 
Number of chloroplasts 40 40 40 
examined 
Total number of stacked 67 71 67 
faces exposed 
Total number of arrays 19 34 16 
observed 
Percentage of exposed 28% 48% 24% 
faces containing arrays 
in reponse to resuspension i the presence of Tricine, the 
collected results of three independent experiments carried 
out over a period of 6 months are presented in Table 1. In 
our hands, areas of arrayed particles were observed in 
between about a quarter to one half of exposed EF s faces. 
In contrast o the earlier observations of Simpson [16], 
the arrays seen in our experiments were only seen in 
stacked chloroplasts. The arrays in all cases were confined 
to the appressed faces, no arrays were observed in either 
the EF faces of the end membranes of the grana or the 
stromal amellae. Chloroplasts from mutant and wild-type 
plants resuspended in destacking media, independent of the 
buffer employed, showed no arrays. Single rows of EFs or 
PF, particles were occasionally present but arrays of the 
Fig. 1. Electronmicrographs of freeze-fracture plicas chloroplasts showing the dependence of particle alignment and array formation on the suspending 
medium: (A) JB67 Arabidopsis mutant chloroplasts suspended in assay medium containing 20 mM Hepes (pH 7.6); (B) wild-type chloroplasts in assay 
medium containing 20 mM Hepes (pH 7.6); and (C) wild-type chloroplasts in assay medium containing 20 mM Tricine (pH 7.6). Note the difference in 
appearance of two EF s particle arrays (top right and bottom left) aligned at different angles to the direction of shadowing, and the presence of a PF S particle 
array (top left), in (A). The magnification bar corresponds to 100 nm. 
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Fig. 2. Electronmicrographs of freeze-fracture r plicas of wild-type chloroplasts resuspended in assay medium containing 20 mM Hepes (pH 7.6) in the 
presence of 2 M sucrose prior to thermal quenching. Note the presence of arrayed particles in (A) and the phase-separation of on-bilayer-forming lipids in 
(B). The magnification bar corresponds to 100 nm. 
type seen in stacked JB67, LK3 or wild-type/Tricine 
chloroplasts were not observed. 
Changing the concentration and pH of the buffers (re- 
suits not shown) seemed to have little or no effect on the 
presence, or absence, of the arrays in wild-type or mutant 
chloroplasts. Control measurements using thin-section 
electron microscopy (not shown) suggested that the forma- 
tion of arrays in wild-type chloroplasts suspended inTricine 
buffer led to little or no change in the proportions of 
appressed to non-appressed membranes. The possibility 
Fig. 3. Electronmicrographs of freeze-fracture r plicas howing the effect of temperature on array formation in chloroplasts suspended in assay medium 
containing 20 mM Hepes (pH 7.6) isolated from wild-type and LK3 plants. (A) and (B) Wild-type thermally quenched from 4 ° C showing particle arrays in 
the PF s and EF s fracture faces. (C) and (d) LK3 thermally quenched from 20 ° C and 50 ° C showing the effects of increased temperature in disrupting 
pre-existing arrays. The magnification bar corresponds to 100 nm. 
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that such changes might occur after prolonged incubation 
cannot, however, be completely ruled out. 
Interestingly, we found that increasing the amount of 
sucrose in the suspension medium, previously shown to 
increase the thermal stability of PS II [19], also tended to 
induce array formation in wild-type chloroplasts. An elec- 
tronmicrograph s owing such an array is presented in Fig. 
2A. Similar arrays were observed in the presence of high 
concentrations of sorbitol. 
In practice, the tendency for array formation in the 
presence of high sugar concentrations was found to be 
much lower than in the presence of Tricine. This may be 
associated with the fact that high sugar concentrations also 
tend to induce phase-separation f non-bilayer forming 
lipids [18]. A typical example is shown in Fig. 2B. Phase- 
separations of this type inevitably change the local lipid 
composition of the membrane. 
In view of a possible link between membrane lipid 
composition and array formation, we also examined the 
effect of temperature on array formation on the basis that 
the lower fluidity of the membrane at lower temperatures 
might induce array formation. In the case of wild-type 
chloroplasts, thermally quenching chloroplasts from 4 ° C, 
as opposed to the usual 20 ° C, led to a small but distinct 
tendency for the large freeze-fracture particles to organise 
RowAxis 
I 4 
4nm 
Fig. 4. Approximate shape of the particles making up the freeze-fracture 
arrays seen in wild-type chloroplasts uspended in Tricine-containing 
medium and the JB67 mutant. The particle shape is reconstructed from 
the shadowing-angle data on the assumption that the centres of the 
particle diameters measured at different shadowing angles are co-incident. 
The parallel ines correspond to the different shadowing angles. 
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Fig. 5. Plot of the temperature d pendencies of Fm, F o and F v /F  m for 
wild-type chloroplasts suspended in assay medium containing 20 mM 
Hepes (pH 7.6). See text for explanation. 
into rows and to form arrays. Typical examples are shown 
in Figs. 3A and 3B. Raising the thermal quenching temper- 
ature of chloroplasts from the mutants, which normally 
form well-ordered arrays, from 20 ° C to 50 ° C, in contrast, 
led to an almost complete abolition of array formation as 
illustrated in Fig. 3C,D. 
3.2. Identity of particle arrays 
The relationship between the freeze-fracture particle 
arrays seen in the mutants and the corresponding arrays 
induced by Tricine and the sugars in chloroplasts i olated 
from wild-type Arabidopsis is of critical importance. The 
repeat distances of the arrays seen in the EF~ fracture faces 
of the different ypes of preparation are summarised in 
Table 1, together with the collected values for similar 
arrays reported in other systems. The basic dimensions of 
the arrays in the chloroplasts i olated from the mutants and 
wild-type in the presence of Tricine are very similar, 
suggesting that they are similar in origin. 
The particles making up these arrays are clearly asym- 
metric. Compare, for example, the appearance of the two 
EF s particle arrays hadowed at different angles in Fig. 1A. 
The approximate outline of the individual particles, as 
illustrated in Fig. 4, can be estimated by plotting the 
dependence of the particle diameter measured normal to 
the shadowing angle, as a function of shadowing angle. 
These data convincingly demonstrate that the particles 
making up the arrays een in the JB67 mutant and wild-type 
thylakoids resuspended in Tricine are of essentially identi- 
cal size and shape. 
As a final exercise, the average particle diameter viewed 
from all shadowing angles was calculated by averaging the 
particle diameters of the reconstructed particle shown in 
Fig. 4. The average diameter obtained in this way was 13.4 
nm. This is in good agreement with the measured values of 
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Fig. 6. Plots comparing the temperature dependency of F v /F  m for (a) 
wild-type, JB67 and LK3 chloroplasts suspended in assay medium con- 
taining 20 mM Hepes (pH 7.6), (b) wild-type chloroplasts suspended in
assay medium containing either 20 mM Hepes (pH 7.6) or 20 mM Tricine 
(pH 7.6). 
12.9 + 0.5 nm and 13.3 + 0.5 nm obtained for randomly 
oriented particles seen in the EF s fracture-faces of the JB67 
and wild-type chloroplasts, respectively. This strongly sug- 
54 
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• J B67  
i LK3  
I I I I 
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pH 
Fig. 7. Plot showing the dependence of T m on pH for chloroplasts 
isolated from wild-type (A), JB67 (Q) and LK3 (11) Arabidopsis 
mutants uspended in sorbitol-free assay media containing 50 mM Hepes. 
gests that there is no physical difference between the 
randomly oriented and arrayed particles in these systems. 
3.3. Fluorescence measurements 
Measurements of the fluorescence yield of Chl a asso- 
ciated with PS II provide information about the overall 
thermal stability of PS II [22]. The temperature dependence 
of Chl a fluorescence was monitored under conditions in 
which all the PS II traps remain open (F o) and in which all 
the traps are closed (F~,). 
Table 2 
Collected values for the characteristic spacings of PS II particle arrays found in this and earlier investigations 
System Characteristic spacing ~ (nm× nm) Reference 
Arabadopsis 
JB67 
LK3 
wild-type (20 mM Tricine) 
wild-type (3 M sorbitol) 
Spinach 
wild type 
17.3 ± 1.0 × 21.4 4- 0.7 
18.9 ± 1.2 X 23.3 ± 1.1 
18,6 ± 2.0 × 23,3 ± 2.1 
17,5 ± 0.9 × 23,5 ± 0.9 
15.5 X 18.5 b [11,12] 
16.0 x 19.0 [10] 
17.5 × 20.4 [9] 
16.8 × 18.9 c [23] 
Barley 
wild type 17.5 × 24.7 [15] 
chlorina-F2 14.5 × 20.7 [16] 
a Repeat spacings along and between rows respectively, measured from freeze fracture/freeze etch electronmicrographs of normal hydrated and air-dried ~
preparations and from negatively stained c preparations. 
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Fig. 8. Plot of the temperature d pendencies of F m, F o and F v /F  m for 
wild-type chloroplasts suspended in assay medium containing 20 mM 
Hepes (pH 7.6) and 3 M sorbitol. 
Typical measurements u ing chloroplasts isolated from 
Arabidopsis and suspended in Hepes (pH 7.6) assay 
medium are presented in Fig. 5. The value of F o initially 
increases and then decreases, while the value of F m de- 
creases initially slowly and then more rapidly. The overall 
electron transport capability of PS II is reflected in the 
value of the variable component of PS II fluorescence 
(F  v =F  m -F  o) [18]. The efficiency of PS-II-mediated 
electron transport begins to fall for chloroplasts incubated 
at temperatures above T i, the threshold temperature for the 
onset of the rise in F o, and is completely lost at tempera- 
tures above Tm, the temperature at which the curve F o 
passes through a maximum and F v becomes equal to zero. 
Typical plots of the temperature dependence of Fv /F  m 
for chloroplasts isolated from wild-type and mutant plants 
suspended in assay medium containing 20 mM Hepes are 
presented in Fig. 6a. The main difference between the 
plots for the wild-type chloroplasts uspended in Hepes, 
which do not contain particle arrays, and those of the two 
mutants, which do contain arrays, is that the T m values of 
the two mutants are increased by 2-3  C ° with respect o 
the wild-type. Corresponding plots for wild-type chloro- 
plasts suspended in media containing 20 mM Hepes and 
Tricine are compared in Fig. 6b. The plot for wild-type 
chloroplasts resuspended in Tricine, which as we showed 
above also contain particle arrays, shows a similar but 
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Fig. 9. Plot of T m as a function of sorbitol concentration f rchloroplasts 
isolated from wild-type (A), JB67 (O) and LK3 (11) Arabidopsis 
mutants, uspended in assay medium containing 20 mM Hepes (pH 7.6). 
somewhat smaller increase in thermal stability with respect 
to the same chloroplasts uspended in Hepes. 
The thermal stability of PS II is strongly dependent on 
the pH of the suspending medium [18]. A comparison of 
the pH dependencies of the T m values of chloroplasts 
isolated from wild-type and mutant plants suspended in 
media containing 50 mM Hepes is presented in Fig. 7. In 
all cases, T m showed a strong pH dependence with a peak 
in the range pH 6.0-6.2. The values for chloroplasts 
isolated from LK3 and JB67 mutants were consistently 
about 2 C ° and 1.5 C ° higher than those of the wild-type 
over the whole of the pH range. 
The results of a similar set of experiments in which the 
chloroplasts were suspended in suspension media contain- 
ing either 20 mM Hepes or 20 mM Tricine at pH 7.6 in the 
presence of different concentrations of sorbitol are pre- 
Table 3 
Details of the main lipid changes a found in Arabidopsis mutants characterised by the presence ofPS lI particle arrays 
Mutant Modification Main lipid changes 
JB67 (fad B) 
LK3 (fad C) 
JB101 (fad D) 
Mutant 4 
Deficient in 16:0 
fatty acid desaturase 
Deficient in 16:1/18:1 
fatty acid desaturase 
Deficient in 16:2/18:2 
fatty acid desaturase 
Expresses modified E. coli 
glycerol-3-phosphate acyltranferase 
Elevated amounts of 16:0 and decreased amounts of polyunsaturated 16 
fatty acids. 
Increased levels of 16:1 and 18:1 fatty acids and decreased amounts of 
poly-unsaturated fatty acids 
Large reductions in proportions of16:3 and 18:3 fatty acids 
Marked increase in16:0 containing PG. High melting point species 
(16:0/16:0 and 16:0/16:10 greatly increased 
a Data from references [1-5] and [30]. 
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sented in Figs. 8 and 9. The presence of high concentra- 
tions of sugars led to a marked decrease in the value of 
F m, even at room temperature. The value of F o also 
decreased but the percentage decrease was much smaller. 
This is reflected in a lowered value for Fv/F  m. The main 
effect of sorbitol, however, was to bring about a large 
increase in the value of T m (Fig. 8). The T m values for the 
LK3 and JB67 mutants were again consistently about 2 C ° 
higher than the corresponding values for the wild-type 
(Fig. 9). 
4. Discussion 
4.1. Origin of particle arrays 
The occurrence of arrays of freeze-fracture particles in 
the EF and PF fracture-faces and/or freeze-etch exposed 
surfaces of chloroplast membranes has been widely re- 
ported in the literature [8-17]. The repeat distances of the 
EF s arrays observed in Arabidopsis chloroplasts, as indi- 
cated in Table 2, are in good agreement with the collected 
values for similar arrays reported in other systems. Minor 
differences exist between studies performed on different 
wild-type and mutant preparations but there is little doubt 
that all these studies refer to basically the same type of 
array. Fewer data are available regarding the PF s arrays but 
again our observations are in good agreement with find- 
ings in other systems [15]. 
Simpson [16] has proposed a detailed model in which 
the particle arrays seen in the EFs fracture faces arise from 
the core-particle of PS II and the corresponding rows of 
particles seen in the PFs fracture faces arise from the 
light-harvesting antennae complexes of PS II. He esti- 
mated, on the basis of shadowing-angle data, that the 
individual particles making up the EF s arrays in wild-type 
barley approximated to ellipsoids with a long axis of 17.5 
nm and a short axis of 10.2 nm with their long axis making 
an angle of 21 ° to the rows of the array [15]. Using a 
related approach, we estimate that the particles making up 
the EF~ arrays in Arabidopsis approximate to ellipsoids 
with axes of 16.0 and 10.5 nm set at an angle of 13 ° to the 
rows. The particles making up the PF~ arrays are too 
close-packed to allow a similar analysis but their common 
presence in membranes directly adjacent to those contain- 
ing EF S arrays strongly supports the model proposed by 
Simpson. 
It must be emphasised that particle arrays of this type 
are rarely seen in wild-type plants. It is still unclear to 
what extent hey exist under in vivo conditions. Freeze- 
fracture studies of intact leaf tissue are difficult and rarely 
carried out. Simpson [17] has, however, successfully 
demonstrated the existence of particle arrays in vivo in 
thylakoids of the viridis-zb 63 mutant of barley. He has also 
shown that, in some cases at least, formation of arrays in 
chloroplasts isolated from wild-type plants can be trig- 
gered after isolation by changing the buffer present in the 
suspending medium. These latter results are, however, 
difficult to reproduce suggesting that other factors, such as 
the growth conditions of the original plant material, are of 
importance. 
In our hands, array formation in chloroplasts isolated 
from wild-type Arabidopsis, is favoured by resuspension 
in media containing Tricine (Fig. 1). In contrast o Simp- 
son, however, we observed array formation only under 
stacking conditions. Resuspension in destacking media 
abolished array formation even in the case of the JB67 and 
LK3 Arabidopsis mutants in which array formation ap- 
peared to be otherwise independent of the composition of 
the suspending medium. 
4.2. Increased thermal stability 
Murata and his co-workers have argued, on the basis of 
experiments performed on genetically manipulated cyano- 
bacteria, that increases in saturation of membrane lipids 
brought about by the elimination of polyenoic fatty acid 
synthesis in fad mutants does not affect thermal stability 
[24-26]. Indeed recent experiments suggest hat the ab- 
sence of polyunsaturated lipids may even lower the ther- 
mal stability of such organisms [26]. 
In agreement with the earlier findings of Kunst et al. [2] 
and Hugly et al. [4], we find a small (2-3 C ° ) but 
significant increase in thermal stability in both the fad B 
and fad C mutants of Arabidopsis (Fig. 6a). We also 
observe a rather smaller increase (1-2 C ° ) in the thermal 
stability of chloroplasts i olated from wild-type plants and 
resuspended in Tricine-containing medium (Fig. 6b). It is 
not clear at this stage whether the discrepancy between the 
results obtained in cyanobacteria and higher plants reflects 
differences in methodology, the rate of loss of thermal 
stability both in cyanobacteria [24] and isolated chloro- 
plasts [4] is strongly dependent on incubation time, or the 
very different morphologies of the two systems. 
4.3. Relation between thermal stability and array forma- 
tion 
One of the main aims of this investigation was to 
establish whether or not the presence of particle arrays in 
the Arabidopsis mutants is related to their increase in 
thermal stability. In our hands, the two phenomena invari- 
ably went together, strongly suggesting the existence of 
such a link. 
However, the fact that different treatments affected 
array formation and thermal stability to different extents 
suggests that the link between the two phenomena is an 
indirect one. The presence of Tricine, for example, ap- 
peared to have a marked effect on array formation but only 
a very limited effect on thermal stability (Fig. 6). In 
contrast, changing the pH (Fig. 7), or the amount of sugar 
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present in the suspending medium (Fig. 9), led to large 
changes in the thermal stability of PS II but were relatively 
ineffective in inducing array formation. 
4.4. Role of protein-protein interactions 
Williams and Gounaris [19] have shown that the in- 
crease in T m values in the presence of high concentrations 
of compatible co-solutes uch as sugars reflects their abil- 
ity to stabilise the binding of the 33 kDa extrinsic protein 
to the core of PS II. This stabilisation is readily explained 
in terms of non-specific Hofmeister type interactions asso- 
ciated with the minimisation of the surface area of hy- 
drated protein surfaces [27,28]. Related effects, as we have 
pointed out elsewhere [18] also account for non-bilayer 
lipid phase separations of the type shown in Fig. 2b. 
The strong pH dependence of the thermal stability of PS 
II can also be explained in terms of the binding of the 
extrinsic membrane proteins [19]. In this case, the strength 
of binding appears to be determined by the balance of 
ionisation of surface groups of the core and/or extrinsic 
membrane proteins. No information is available regarding 
the effects of different buffer ions on the binding of these 
proteins. It is, however, not unreasonable to expect that 
they too can influence the binding of extrinsic membrane 
proteins through classical salting-in and salting-out effects. 
The formation of particle arrays in the EF s and PFs 
faces in the chloroplast membranes of wild-type Ara- 
bidopsis almost certainly reflects an increase in the relative 
strength of protein-protein i teractions between neigh- 
bouring PS II units. Recent models of PS II based on 
image analysis [23] indicate that limited areas of contact 
exist on both faces. Thermal stabilisation of PS II could, in 
principle, be mediated either through the light-harvesting 
antennae, that project into the partition gap adjacent to the 
PF~ face, or the extrinsic membrane proteins associated 
with the oxygen evolution system located in the thylakoid 
lumen adjacent o the EF~ face. The increased ease of 
formation of arrays in chlorina-f2 and viridis-zb 63 barley 
mutants [17], as opposed to the wild-type plant strongly 
suggest hat these interactions are influenced by the close- 
packing of PS II units. 
The absence of any obvious dependence of array forma- 
tion on pH suggests that Hofmeister effects rather than 
electrostatic nteractions of ionisable groups are the main 
determining factors in array formation. This is consistent 
with the relatively weak ability of high concentrations of
sugars to drive array formation as opposed to their marked 
effect on the thermal stability of PS II. These differences 
probably reflect he fact that array formation is likely to be 
dependent on the stabilisation of the relatively limited 
interactions existing between neighbouring PS II units 
while the thermal stability of PS II involves the stabilisa- 
tion of the much more extensive contacts existing between 
the individual proteins making up such units. 
4.5. Role of lipids 
The role of lipids in the thermal stabilisation of PS II 
and the formation of particle arrays in chloroplasts i olated 
from the Arabidopsis mutants is more difficult to explain. 
Given the known differences in composition of their 
membrane lipids, two possible explanations for array for- 
mation suggest hemselves. Either that array formation is 
favoured by differences in specific lipid-protein interac- 
tions brought about by the altered lipid composition of the 
mutants or that it reflects non-specific effects brought 
about by changes associated with the higher proportions of 
more-saturated fatty acids in the membrane lipids of the 
mutants. 
The main changes in lipid composition occurring in the 
JB67 and LK3 mutants are listed in Table 3 together with 
those occurring in two other Arabidopsis mutants which 
we have found to contain extensive particle arrays (unpub- 
lished results). No common pattern of changes in lipid 
composition appears to exist other than that the membrane 
lipids of the mutants are more saturated in the mutants 
than in the wild type. 
Our observation that array formation is favoured in 
wild-type chloroplasts by lowered temperature, and abol- 
ished in the mutants by higher temperatures, suggests that 
a fine balance xists between those forces favouring array 
formation and the disruption of such arrays by thermal 
motion of the individual PS II units. It is possible that 
changes in lipid saturation occurring in the mutants is 
sufficient o alter this balance in favour of array formation. 
It is difficult, however, to see how such changes can 
account for the major changes in the ratio of appressed to 
non-appressed thylakoid membranes and the changes in 
freeze-fracture particle densities reported in our earlier 
study [7]. Other factors must be involved. These could 
include a general growth response triggered by a necessity 
to optimise the length of diffusible electron carriers in the 
lipid or an over-production f PS II light-harvesting com- 
ponents. 
In this latter context, it is noteworthy that Vigh et al. 
[29] have reported that Pd-catalysed hydrogenation of 
membrane lipids stimulates the expression of the desA in 
the cyanobacteria Synechocystis PCC6803, indicating that 
changes in fatty acid saturation can alter the rates of gene 
expression. 
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